Abstract. The analysis of wind turbine wakes and their interaction with other machines installed in the same array or park has become a key element in the current wind energy research. If in case of siting of large rotors for energy production the use of high-fidelity CFD simulations is well established yet, there is still a lack of knowledge in the analysis of proper wind turbine siting for small wind turbines, which are typically installed in quite complex environments. The present study provides the description and validation of a hybrid BEM-CFD model for the analysis of wind turbine performance and wake structure. With respect to similar existing methods, the proposed one includes a specific correction of turbulence parameters able to make it compatible for use in combination with the standard settings of the turbulence models needed to properly describe the wind profile in the urban environment. The model was then used to carry out a demonstrative sensitivity analysis on the proper siting of a small wind turbine in the rooftop of a typical tall building in a densely built environment.
Nomenclature
A 
Introduction and motivation of the study
An effective exploitation of the wind potential in the built environment is becoming a key topic in the present wind energy research on small and medium rotors [1] , since the possibility of producing energy exactly where it is needed could make the cost of energy of small turbines more competitive with larger installations. The wind conditions in the rooftop of a building or in its surroundings are however very complex, and generally characterized by high turbulence [2] , pulsating flow and misalignment angles with respect to the streamwise direction [3] . The conventional siting aspects of a new turbine then require even more attention than in a conventional site. If the use of computational fluid dynamics (CFD) is well established for large-scale wind farm simulations, even using high-fidelity approaches like the large-eddy simulation [4] , in case of the siting of small machines it is instead not so common to perform dedicated numerical studies for an accurate evaluation of both the local wind conditions and the corresponding energy yield potential. Since the flow conditions above the roof of buildings are different and more complex with respect to an open landscape, the identification of the main characteristics of a suitable site in the built environment is being only addressed in current studies from academia (e.g. [5] ). In particular, few examples do exist in the literature concerning the prediction of the actual energy production of a roofmounted turbine, mainly due to the remarkable complexity and computational cost of the simulation. It has to be noticed that similar approaches require the solution of very different flow length scales, ranging from the large ones related to the urban landscape to the very small ones related to the solution of the flow past airfoils. Considering the low investment costs available for a small turbine installation, the use of a fully resolved approach seems not represent an affordable solution. On this basis, the development of reliable and robust simplified numerical tools for predicting the attended performance in an urban siting could be of major relevance in view of more accurate feasibility analyses. The present study indeed reports a newly-developed adaptation of the Virtual Blade Model (VBM) for ANSYS ® FLUENT ® for use in the urban environment. In particular, additional sources of turbulence are introduced in the solved flow field to adapt the standard CFD settings typical of the simulation of urban flows to the requirements needed by the VBM model for a correct prediction of the turbine performance. The use and calibration of the additional sources has been carried out in comparison to a full Reynolds-Averaged Navier-Stokes (RANS) calculation. The same were then used to perform a sensitivity analysis on the most suitable rooftop mounting position of a small horizontalaxis wind turbine (HAWT) in the urban environment.
Methodology

VBM code
The Virtual Blade Model (VBM) is a user-defined function implemented in the commercial solver ANSYS ® FLUENT ® . It was originally conceived for helicopter aerodynamics but recently it was successfully applied to wind turbine analysis [6] . Some of the authors has already used the VBM to model horizontal-axis wind turbines under conventional inflows [7] and they validated it against experiments in case of single rotor, turbine array or misaligned flow conditions [8] . The VBM was introduced to combine the accuracy of a RANS simulation with a reduced computational cost, since it does not require the explicit discretization of the rotor blades.
In the VBM, the rotor is represented as a disk fluid zone located within the annular area swept by the turbine. The momentum sources represent the effect of the blade forces on the fluid flow and they are introduced in each of the computational cells in the rotor disk region. In the model, the timeaveraged aerodynamic effect of the blades is accounted for through a momentum source term placed inside the disk fluid zone, calculated by the Blade Element Momentum theory (BEM), while the rest of the domain is solved using a conventional RANS approach. The rotor is discretized into a finite number of spanwise sections (Figure 1 ). The blade properties, such as chord length, airfoil type and blade twist angle are allowed to vary along the blade span. First, the velocity field is used to obtain the local angle of attack (α) at each blade element. Using a look-up table with lift and drag coefficient (C L , C D ) for different angle of attack, Mach number (Ma) and Reynolds number (Re), the instantaneous aerodynamic forces are calculated by Equation 1 on each rotor section:
where U tot is the relative velocity, c is the chord depending on the blade span and ρ is the fluid density. Assuming a constant rotational speed, the time-averaged lift and drag forces are then calculated with Equation 2:
where N b is the number of blades, r is the spanwise coordinate and θ is the azimuthal coordinate. The VBM uses the approximation of a 2D flow during calculation of the local aerodynamic forces. This assumption is violated near the blade tip, where the increased secondary flow results in a reduced lift. Tip loss effects are accounted for by defining a loss proportional to the effective span.
Turbulence Correction
Some of the authors already pointed out in [7] the inability of such a simplified model to correctly predict the turbulence in the flow. Indeed, the aerodynamic interaction between the blade and the flow is not directly modelled and then the VBM is not able to predict the modification of the turbulent field connected to such interaction. Although this deficiency is deemed not to represent a limiting issue when simulating the turbine in a low turbulence environment (e.g. a wind tunnel or an open landscape), some inaccuracies may arise in case of a high turbulence environment. Therefore, the authors further enhanced the VBM model by introducing additional source terms to the transport equations for the turbulent quantities, according to the original proposal of [9] .
The standard k-ε turbulence model is used. The transport equations for k (Equation 4) and ε (Equation 5) are the following:
where µ t is the turbulent viscosity, σ k and σ ε are the turbulent Schimdt numbers, C µ is a typical model constant and G k is the production of turbulent kinetic energy.
A customized version of VBM model was created by adding additional source terms for the turbulent kinetic energy (S k ) and the eddy dissipation (S ε ) in their transport equation just in front of the rotor [9] .
The additional source terms in the transport equations were modelled as in Equation 6:
where C 1 and C 2 are the model constants of the k-ε turbulence closure model. The term C T is assumed to be a function of the thrust coefficient of the wind turbine: following the recommendation of [9] , a direct proportionality is assumed (C T = 0.24·C th ). C ε is instead a typical parameter of this model and it depends on the wind velocity, the tip speed ratio (TSR) and the blade properties of the wind turbine.
Set up
Study cases for the rooftop siting
A siting analysis for a typical rooftop installation in an urban environment was carried out. Two urban landscape configurations were selected, in order to achieve: a) a suitable compromise between high velocity and moderate skew angles; or b) the maximum accelerating effect regardless of the skew.
In a previous study [10] , some of the authors reported the results of a CFD study for the evaluation of the energetic suitability of a small HAWT installation in the rooftop of a building through the use of the VBM model. Since the turbulence sources were not yet implemented, the code was not fully adapted for use in a high-turbulence urban flow. Therefore, the present study reports the results of the newly-developed adaptation of the VBM model for use in the urban environment to verify its potential. One could also argue that a RANS approach is not fully adequate to capture the complex flow interactions taking place between the oncoming wind, the building and the turbines. Of course, an unsteady approach, or even a higher-fidelity CFD method, could give more accurate results; however, it should be also remembered that the different length scales that need to be solved would imply a tremendous calculation cost, thus making this kind of analyses barely feasible. In this view, the calibration of a simplified RANS approach could find room for a wide diffusion.
The urban landscape configurations were selected according to [10] [11] , where some of the authors carried out a parametric CFD analysis to characterize the flow field on the rooftop of the installation building (IB) as a function of the geometrical proportions of the surrounding landscape. Figure 2 shows a side view of the computational domain for the urban landscape, where all of the distances of the boundaries were imposed based on the IB height H, as suggested by [12] . The local acceleration on the upwind corner of IB was evaluated for several cases by varying the installation building height, the height h of its upwind building (UB) and the distance D between the buildings themselves. Highest accelerations were observed for an IB height quadruple than the city average height (Ĥ) in case of a close distance between IB and UB. Therefore, in the present analysis, fixed values of H=4Ĥ and D=0.5Ĥ were selected for both the analysed landscape configurations.
The two selected environments differ in the UB height only. The compromise between high velocity and low skew angle is obtained when considering h=3.25Ĥ (Environment 1), while the maximum acceleration is obtained when h=2.5Ĥ (Environment 2). Both environments were first simulated without the use of VBM to characterize the flow above the roof of IB in absence of an installed turbine.
A 2 m diameter study HAWT was then designed by means of an aerodynamic scaling of the NREL Phase II [13] . Since the local flow conditions in the area above the roof of the installation building show a large variability, different rotor configurations were investigated ( Figure 3) . The aim was to show the importance of an optimized positioning of the turbine based on the specific site location in order to exploit the maximum available power as the most convenient practice. To this purpose, three siting strategies were tested:
-edge: rotor plane aligned with the building façade, considering a 4 m tower; -centered: rotor with a 4 m tower in the roof center, for stability and aesthetical reasons; -optimized: optimized through the dedicated CFD simulation of the local flow conditions. Four tower heights were tested, since the flow properties strongly depend on the height above the roof. 
Computational grid
The dimensions of the computational domain ( Figure 2 ) were imposed as a function of the tallest building in the investigated site (H). The inlet boundary and the domain width were set to 5H, while the outlet boundary and the domain height were set to 15H. When using the VBM model, the CFD domain is divided in two separate fluid regions, i.e. the VBM disk replacing the blades and the region of the external ambient. The two zones are in communication via General Grid Interfaces. Regarding the discretization of the fluid region of the VBM disk, the mesh sensitivity analysis was carried out on the test case of Andersen [14] . Starting from the maximum refinement level intrinsically allowed by the VBM tool itself (≈ 8000 elements inside the disk), four meshes (labelled from M4 to M1) were defined by progressively halving the number of elements, in order to find the best balancing between accuracy and computational effort. The grid independency was evaluated based on the accuracy in reproducing the wake profiles. To this end, the coefficient of determination (R 2 ) between the wake profiles at 2R, 6R and 10R downstream the rotor -calculated with reference to the most refined mesh M4 -was evaluated (Figure 4) . Mesh independent results were obtained with the third level of refinement (corresponding to roughly ≈ 4000 elements in the VBM region), being R 2 >98% for all of the analysed distances.
The mesh of the external ambient was obtained by means of an unstructured tetrahedral grid with a prismatic layers zone in the near-wall regions for capturing the boundary layer. Starting from the mesh sensitivity analysis carried out in a previous 2D study by some of the authors [11] , the same level of refinement was used also in the present 3D analysis in terms of sizing of the elements, near-wall discretization and cells expansion ratio. In detail, the study presented in [11] demonstrated for the same environment the need of approximately 1.2·10 5 cells (in 2D). The mesh independency was obtained by progressively reducing the expansion ratio between adjacent cells from the common threshold derived from the literature (1.30) up to the value of 1.08. In addition, a proper refinement in the region surrounding the virtual rotor was also introduced here, in order to accurately solve the flow field on the rooftop. As a result, the grid size was made of roughly 6.5·10 6 cells. It is worth observing that the VBM approach does not require a substantial increase of the mesh size with respect to the case of a simple urban landscape. Indeed, both Environment 1 and Environment 2 require roughly 5.1·10 6 cells for the simulation of the atmospheric boundary layer evolution in the urban landscape, i.e. only a 25% reduction with respect to a VBM simulation. 
Atmospheric Boundary Layer simulation
In a simulation of the Atmospheric Boundary Layer (ABL) flow in urban locations a correct modelling of the roughness of both the terrain and the city is pivotal. The velocity profile is a log-law profile with a shift of the zero-velocity height (displacement, d) depending on the average height of the city buildings ( Figure 2 ). The standard wall functions are used in combination with the equivalent sandgrain roughness K s to the wall-adjacent cells to express the effect of terrain on the flow. Blocken et al. [15] found a relationship between K s and the roughness length z 0 (Equation 7): where C s is a constant varying between 0 and 1. The near-wall cell size is related to the roughness, since the distance from the wall of the first mesh node y p must satisfy the condition of y p > K s . For z 0 values in the urban context (~1.0 m), the mesh size at the ground would be excessively large (y p~3 0 m) if compared to the grid size on the building walls (z 0 =3.0·10 -4 m, y p~0 .01 m). To overcome this issue, an explicit modelling of the urban roughness was applied through a row of three square blocks (Figure 2 ) having the function of reproducing the real roughness effect on the flow. By doing so, the z 0 value of an open-landscape surface was used at the ground to reduce the first cell height (z 0 =3.0·10 -2 m). The steady-state three-dimensional simulations were carried out using the commercial code ANSYS ® FLUENT ® . The Reynolds-averaged Navier-Stokes (RANS) approach was adopted in a pressure-based formulation. Some of the authors have already assessed and validated the main settings for a proper numerical setup for the simulations of the ABL in [11] using the OpenFOAM ® opensource code. The setup was validated against experimental wind tunnel measurements of the CEDVAL laboratory [16] on a test case consisting of a single building block (1:200 scale). For the sake of completeness, the main numerical settings are shortly summarized below. The turbulence closure was achieved by means of the Standard k-ε model, since its application is recommended in free shear flows as suggested by [5, 12] . On the other hand, ε-based models tend to over-estimate the turbulent kinetic energy in the separated region, but an accurate prediction of the flow within this zone is not necessary since the goal is to place the turbine in zones with no recirculation. The pressurevelocity coupling was made with the SIMPLE algorithm and the residuals convergence was set to 10 -6 for the whole set of RANS equations. The second order upwind scheme was used for the spatial discretization of the equations.
The boundary conditions ( Equation 8) were imposed at the domain inlet by the assumption of a constant shear stress with the height, according to the ABL definition [17] :
where u * is the friction velocity and κ is the von Karman constant. The roughness properties and the wind characteristics were specified based on a real city data set. In particular, literature data for London city [18] were chosen ( Table 1 ). The displacement value d was calculated by Equation 9 , following the indications of the ESDU [19] : 
Wind tunnel validation
As discussed, the VBM code with Turbulence Correction (VBM-TC), i.e. with additional source terms for turbulent kinetic energy and its rate of dissipation, is used. The original model was previously validated with the wind tunnel test case of the NREL Phase VI rotor in low turbulence conditions [7] . Some of the authors performed a full CFD RANS simulation of the rotor blades obtaining good matching with the experimental results in terms of torque characteristic curve and pressure coefficient distributions on the blade surface. The flow filed solution of the full rotor was then used as a benchmark for the validation of the VBM module in terms of wake analysis and turbine performance. The same test case was here used for validating the newly modified version of the VBM model and to evaluate the improved prediction capability in case of a high turbulence environment. In order to carry out a comparison with the RANS approach, the same computational grid was used. Figure 6 and Figure 7 show the mesh details and the computational domain of the RANS simulations, respectively. Figure 6 . Details of the computational mesh [7] . Figure 7 . Full rotor 3D computational domain [7] .
To impose a suitable turbulence level, the inlet boundary conditions for k and ε were defined by considering the same turbulence level experienced by the turbine in the urban context. Therefore, the inlet turbulent quantities were computed with Equations 8 at the elevation of IB.
The outcome of the validation study is plotted in Figure 8 , where the results obtained with the VBM-TC code are compared with the full RANS and original VBM results. The wake evolution is evaluated in terms of velocity deficit (U x /U 0 ), dimensionless turbulent kinetic energy (TKE ≡ k/U 0 2 ) and turbulent dissipation rate at three distances downstream the rotor (Near Wake -2R, Mid Wake -6R, Far Wake -10R). Assuming the RANS results as the benchmark (since the use of the RANS approach is expected for the simulation within the urban environment), it is apparent that the additional source terms in the corrected model are able to strongly improve the prediction of the turbulent quantities in the rotor wake. In particular, the ε profiles at all of the three distances match almost exactly with the full rotor solution, as well as the TKE values in the region away from the rotor show a better agreement.
As a result, the prediction of the velocity deficit is also enhanced. Indeed, the original VBM showed a large overestimation of the velocity at all distances in the rotor wake, while the VBM-TC model is able to capture the wake shape. The addition of calibrated source terms in the transport equations of k and ε is therefore necessary to improve the prediction of the wake shape in case of an incoming flow with high turbulence. As a final remark, it is worth pointing out that the VBM-TC code was also tested in case of a standard wind tunnel turbulence level, showing a negligible influence on both the velocity and the turbulent quantities.
Wall effect in the built environment
A characterization of the flow above the roof of IB was first performed to identify the presence of locally accelerated flow for the maximization of the energy extraction. To this purpose, CFD simulations of the urban environment were first performed without the turbine to investigate the flow field modifications on the rooftop of IB when different heights of UB are considered. Figure 9 reports the contours of the velocity component along the rotor axis (U x ) on the central vertical plane for both Environment 1 and Environment 2. The values are reported in a dimensionless form with respect to the undisturbed velocity at the same height (Equation 8) to clearly highlight the acceleration and deceleration areas for the correct choice of the best position.
The wall effect of the oncoming flow can be clearly observed, since high-rise buildings strongly interact with the incoming wind, leading to regions of accelerated flow. The edge, centered and optimized positions on the rooftop where the turbine is thought to be installed are also represented. It is apparent that neither the edge nor the centered rotor configurations are located in the zone of maximum acceleration. Moreover, the location of the U x peak depends on the height of UB and the separation zone has a larger extension for Environment 2, due to a different interaction with a lower building. The values of both the velocity modulus and the skew angle of the flow approaching the turbine are shown in Figure 10 and Figure 11 , respectively, for the two environments and the three different rotor positions. The values are averaged over the area "potentially" occupied by the rotor. The positions aligned with the building façade suffer from high skew angles of the flow, while the centered positions are characterized by a straightened flow, even if the wind speed is the lowest among the considered positions. For both environments, the optimal configurations represent the trade-off between high velocity and moderate skew angles, with a slight higher acceleration in case of a lower UB height.
Turbine performance
In order to have a benchmark for the simulations using the VBM in the built environment, a preliminary analysis was carried out in wind tunnel-like conditions to evaluate the performance of the turbine in aligned flow [10] . The power coefficient (C p ) curve of the rotor was calculated within a cylindrical domain by varying the rotor revolution speed with a constant inflow velocity of 6.95 m/s, corresponding to the velocity value at the installation height in undisturbed condition (according to Equations 8) . A maximum C p of 0.355 was obtained at TSR=6. The VBM-TC was then used to simulate the performance of the wind turbine in both Environment 1 and Environment 2. Due to the small difference between the undisturbed velocity and the local values of velocity in the installation site (Figure 10 ), as already discussed the TSR=6 condition reasonably represented the power peak for all of the tested configurations. Accordingly, the rotational speed of the wind turbine was varied as a function of the variation of the local U x . The power extracted by the rotor was calculated with the improved VBM for all of the simulated cases and compared with the wind tunnel case. The results were also post-processed in terms of C p by considering the values of local velocity evaluated in the simulations of the urban landscape (U local ). Moreover, the power output was compared with the theoretical power (P th ), i.e. the power calculated using the C p value of the wind tunnel and the velocity at each installation position U local of the wind turbine using Equation 10:
The results for both Environment 1 and Environment 2 are shown in Figure 12 and Figure 13 respectively. In both urban landscapes the maximum power occurs in the optimized configurations, in agreement with the expectations derived from the analysis of Section 4.2. It is worth noticing that the power extracted by the VBM is always lower than expectations. Indeed, although the rotor would be supposed to work in conditions of accelerated flow with respect to the undisturbed wind at almost every position (according to Figure 9 ), only the optimized configuration in Environment 1 is able to provide a slightly higher power. The reason of this discrepancy is related to the fact that P th is calculated with the hypothesis of a uniform inflow profile, while the actual working condition is characterized by the presence of large velocity gradients and by the interaction of the rotor wake with the separated region above the building roof. Figure 12 . VBM results in Environment 1. Figure 13 . VBM results in Environment 2.
As a result, the values of C p are lower than the wind tunnel benchmark, down to 0.285 for the optimized configuration in Environment 2. The centered configuration in Environment 2 is the only exception, since the power extracted is higher than theoretical one, leading to a C p of 0.365. These results testify that the efficiency is strongly dependent on the specific position when placing the machine in a non-uniform flow. Therefore, if the position is not properly optimized, the turbine is not able to exploit the whole potential derived from the acceleration on the rooftop of IB and the theoretical computation of the expected power may result in misleading results.
Since the largest variability of the results was observed for Environment 2, Figure 14 reports the dimensionless axial velocity contours for the three different positions of the turbine (see Figure 9 .b).
From a perusal of the figure, it can be observed that the wind turbine in the optimized case ( Figure  14.c) is not able to suitably harvest the available energy since the peak of axial velocity directly impacts on the hub region, without producing power. Conversely, the accelerated flow directly impacts the blades in the upper half of the rotor in the centered case (Figure 14 .b), with a more effective energy extraction. Finally, in the edge case (Figure 14 .a) the rotor operates in a region outside the acceleration zone above the roof, corresponding to a more uniform inflow condition. Therefore, the power output is more similar to what expected from the wind tunnel results. As a result, the power coefficient for the optimized case is the lowest, despite the value of axial velocity at the turbine inlet is maximum. It is worth remembering that the velocity values computed with the simulations for the urban landscape are averaged over the area occupied by the rotor. Therefore, to investigate the possibility of better exploiting such a region of high velocity flow, an additional sensitivity analysis on the tower height was carried out. Maintaining the wind turbine in the optimized position, three further simulations were performed by varying the height of the VBM disk with respect to the baseline of Figure 14 .c. In detail, the positions -1D, -0.5D and +0.5D were tested. Figure 15 reports the power output for all of the considered rotor heights, expressed in a dimensionless form with respect to the power of the baseline case. The power increases when the rotor is in a lower position, with a maximum of +23% for the configuration at -0.5D. The power extraction is maximized, since the value of expected power reported in Figure 13 is reached. The corresponding C p is now 0.358, hence the turbine is extracting energy in a more effective way. Indeed, the turbine is now working in a condition more similar to Figure 14 .b, i.e. the accelerated flow directly impacts the central portion of the blades instead of the hub region.
Conclusions
The study presents the introduction of specific turbulence source terms in the flow field to adapt the Virtual Blade Model for ANSYS ® FLUENT ® for use in siting analyses in the urban environment. In further detail, the proposed modifications allow the user to adapt the standard CFD settings typical of urban flows to the requirements needed by the VBM model for a correct turbine simulation. A comparison with a full RANS calculation proved the effectiveness of the approach. The new model was then exploited to perform a sensitivity analysis about the rooftop siting of a small HAWT, demonstrating the prospects of using numerical simulations for similar analyses. Two urban landscape configurations were selected, in order to achieve respectively: a) a suitable compromise between high velocity and moderate skew angles; b) the maximum accelerating effect regardless of the skew. Three different mounting locations of the turbine were investigated. The results showed that: -the flow conditions on the IB roof are strongly variable, thus requiring dedicated CFD simulations; -if the rotor position is properly optimized, a large power increase can be obtained with respect to a "reasonable" positioning based on generic considerations; -the simulation of the urban landscape only is not sufficient to accurately assess the best rotor positioning and the expected power due to the presence of strong velocity gradients, which lead to a large variation of the working condition of different portions of the blade; -in the present case study, the VBM-TC model showed that a positioning of the rotor 0.5D below the location of maximum x-component of velocity can lead to a 20% increase of the output power; -due to the non-uniformity of the velocity distribution, a strong influence of the selected site on the C p was observed, which can be even higher than the maximum values obtained in a wind tunnel. Overall, it is mandatory to account for the mutual interaction between the turbine and the rooftop flow for an accurate prediction of the rotor performance and the resulting energy yield. A segregated approach based on the estimated velocity on the rooftop of IB, by means of a theoretical computation of the expected power without a direct simulation of the turbine, in fact may result in misleading results. 
